The European forestry sector is a potential driver of transformation towards a sustainable bioeconomy. Forest products are increasingly used in high-tech and high-value-added industries, e.g., chemicals and the automotive industry. So far, however, research on the European bioeconomy has largely focused on agriculture as a provider of food, feed, fuel, and fiber to bio-based industries. Here we assess the potential impacts of a stronger reliance on forestry sector inputs to the European Union (EU28) bioeconomy on output, prices, final demand, and land use. Specifically, we run a sensitivity analysis of a 1% increase of input use of forest products in the EU28 economy in a Computable General Equilibrium (CGE) framework accounting for land use by Agro-Ecological Zones (AEZ) and greenhouse gas (GHG) emissions at high regional and sectoral resolution. We find that such a shift to a more forest-based bioeconomy would provoke small indirect land use effects globally due to existing international trade linkages and land market effects. Simulated increases in planted forest cover are associated with net GHG emission savings, but our scenario analysis also points to higher imports of forest products from countries with vulnerable tropical forest biomes, such as Brazil and Indonesia.
Introduction
Responding to global concerns about climate change and natural resource depletion driven by population and economic growth, many countries are designing policy strategies to shift from a fossil-based to a more bio-based economy [1] [2] [3] . Expected benefits from that transformation include not only cleaner energy from biomass and savings of fossil resources, but also more environmentally friendly value chains for food, feed, and material use [4] . Growth in bio-based sectors could create new job opportunities in rural areas and foster high value-added economic sectors, such as the pharmaceutical industry [5, 6] . In the EU, the development of a green and low-carbon economy is part of the so-called green economic growth strategy, fostered since the 1990s in the context of
Economic Modelling for Bioeconomy Assessments: A General Overview
We motivate our modelling approach based on a brief overview of economic models used for bioeconomy assessments drawing on the classification used by Angenendt et al. [28] and Wicke et al. [29] .
Economic models, traditionally used for economic and trade policy assessments, are increasingly extended and improved to address bioeconomy-relevant sustainability dimensions such as land use (LUC) and climate change, or biodiversity loss (Table 1) . Angenendt et al. [28] classify these models into two main groups: (1) Macroeconomic models, including CGE and Partial Equilibrium (PE) models and, (2) Economic Bottom-Up models (see Table 1 ). CGE models describe the whole economy and all linkages among its industries and economic agents through a system of mathematical equations. They are based on general equilibrium theory, which implies that competitive market mechanisms balance supply and demand for commodities and production factors such as labor, capital and land [30] . PE models follow the same rationale but focus on specific sectors such as agriculture or forestry, treating prices and/or quantities in other markets as fixed. Accordingly, in both type of models, prices and quantities are, at least in part, endogenous variables. A model experiment (i.e., shock) perturbs the initial equilibrium-an observed state of the markets against which the model is calibrated-and the model is solved again for a new market equilibrium by adjusting prices and quantities. Other than PE and CGE, supply-side bottom-up models allow for more detailed assessments of, e.g., technological innovation processes at local scale, but ignore price effects on input and output markets [29] . A common workaround it to link bottom-up models with PE or CGE models, e.g., the IIASA's Integrated Assessment modelling approach that combines the energy system model MESSAGE to GLOBIOM [31] . In short, alternative economic modelling approaches are used for analyzing the bioeconomy. Each of these methods has its own strengths and weaknesses. Integrated modelling approach allows, by combining different methodological frameworks, to overcome certain shortcomings and to conduct comprehensive and interdisciplinary assessments with a very high level of detail. However, ensuring consistency of different modelling systems remains a challenging task [28] . Therefore, the choice of a certain method must arise from the scope and the objectives of the study. Table 1 . Examples from economic model applications related to the bioeconomy.
Models
Literature Purpose Spatial Coverage CGE 1 Models GTAP [32] Assess the impacts of increased demand for biofuel crops under the EU biofuel directive Global MAGNE [33] Analyze the rebound effect of biofuel use in the context of the EU RED 2 Global MIRAG [34] Assess the implications of the EU biofuel policies on LUC 3 Global
PE 4 Models
CAPRI [35] Address the impact of the German biogas production on European and global agricultural markets and land use
Global with focus on EU IMPACT [36] Analyze the effects of increasing demand for biofuels on global food prices Global GLOBIOM [37] Determine the impacts of first-and second-generation biofuels on deforestation Global
Bottom-up Models
BeWhere [38] Determine the optimal use of forest residues for different applications under different economic policy instruments EU BiOLoCaTe [39] Assess a biomass value chain for bioenergy Farm/regional EFEM [40] Analyze the economic and ecological impacts of bioenergy crop production Farm/regional 
Materials and Methods

Model and Data
For all subsequent analyses, we rely on the well-documented, tested, and widely applied Global Trade Analysis Project (GTAP) Standard CGE model [41] with its latest GTAP 9 database, which depicts the global economy in 2011 ( Figure A1 in Appendix A shows the bioeconomy in the EU28 as represented in the GTAP 9 data.) [42] (See Box 1). The model accounts for all consistently documented bilateral trade relations between countries and the associated global biomass value chains at varying levels of product aggregation. This allows us to determine (1) the economy-wide effects and (2) the role of economic mechanisms, such as price changes, in reallocating global demand for forest and cropland in response to our scenario assumptions. Technically, we use a flexible and modular implementation in GAMS (CGEBox, [43, 44] ).
In our analysis, we capture land heterogeneity-a key determinant of land use-by using the GTAP-AEZ (Agro-Ecological Zones) extension and its related land use database to the GTAP Standard model. Drawing on the FAO's Agro-ecological zoning, the GTAP-AEZ land use database distinguishes land use by 18 AEZs [45, 46] defined by the length of growing period and climatic zones (Table A1 in Appendix A defines the global Agro-Ecological-Zones (AEZs) as used in GTAP-AEZ land use extension.). GTAP-AEZ reduces aggregation bias as land use changes between sectors only take place within the same AEZ. Within each AEZ, land supply is constrained by a nested constant elasticity of transformation (CET) structure depicting land rent maximization. The upper nest allocates land among cropland, pasture, and forest based on relative returns to land, while the second nest depicts allocation between different crops (see Figure 1) .
To assess the importance of considering detail in energy and land use sectors in the analysis, we conduct a structural sensitivity analysis by running the model in different configuration where we also add the GTAP-AGR [47] and GTAP-E [48] extensions. GTAP-AGR provides an improved representation of agri-food sectors: feed substitution in the livestock sector, substitution for agricultural inputs in food processing sectors and a differentiation between farm and non-farm households along with CET transformation of primary factors between agricultural and non-agricultural sectors. GTAP-E accounts for CO 2 emissions from the combustion of fossil fuels, distinguishes by fuel and by sectoral use in each region, and allows for capital-energy and fuel substitution based on a nested CES-presentation in the production function. To conclude about the net GHG emission effect, we also consider non-CO 2 emissions [49] and emissions from carbon stock changes related to land use conversion [50] . 
GTAP Model
-GTAP is a global multi-sector and multi-region comparative static Computable General Equilibrium (CGE) model [41] . -Drawing on microeconomic theory of demand and supply, consumers maximize utility subject to their budget constraint while producers minimize production cost subject to a given constant returns to scale production technology [41] .
-
The production technology is represented via nested Constant-Elasticity-of-Substitution (CES) functions that combine primary factors (labor, land, skilled labor, un-skilled labor and natural resources) and intermediate inputs [41] . -GTAP adopts the Armington assumption in order to differentiate between commodities based on their region of origin [41] . -It assumes perfect competition, i.e. consumer and producer are price takers, and depict a simultaneous global equilibrium in all regional commodity and factor markets based on endogenous prices [41] . -A model experiment (shock) perturbs the initial equilibrium and the model is resolved for new market prices for commodities and factors and related supply and demand quantities to clear all markets [41] . -GTAP is widely used in different types of analyses, now often combined with additional data and related extensions, such as the GTAP-AEZ (Agro-Ecological Zones) [46] for detail in land use and GTAP-Energy [48] for detail in energy products, supply and demand.
GTAP Data
-
The globally consistent GTAP database [42] is constructed based on national accounts and other economic statistics. -It represents the world economy in a specific year including complete bilateral trade information and transport margins [42] . -Its latest version 9 depicts the global economy in 2011 by 140 regions and 57 sectors of which 20 are agri-food sectors [42] . -Additional data bases cover CO 2 [48] and non-CO 2 emissions [49] relevant for climate changes as well as land cover and use by 18 Agro-Ecological Zones [45, 46] . Apart from the structural sensitivity analysis, we conduct an Armington sensitivity analysis as a robustness test to explore the influence of changes in trade elasticities especially with respect to our findings on trade mediated land use leakage effects. Specifically, we assume varying levels of substitutability between imported and domestic commodities, reflected by the Constant Elasticity of Apart from the structural sensitivity analysis, we conduct an Armington sensitivity analysis as a robustness test to explore the influence of changes in trade elasticities especially with respect to our findings on trade mediated land use leakage effects. Specifically, we assume varying levels of substitutability between imported and domestic commodities, reflected by the Constant Elasticity of Substitution (CES) parameter σ m (the smaller σ m , the lower is the substitution among imported and locally produced commodities), and varying levels of substitution of imported commodities by source, reflected by the CES parameter σ w (See Figure 1) .
As usual in global CGE analysis, we aggregate the database, but only regarding regions while maintaining the full GTAP database resolution of 57 production sectors. As regional aggregation can introduce bias in the analysis (cf. Britz et van der Mensbrugghe, [51] ), we compare results from two different aggregations with 35 and 70 regions (see Tables A2 and A3 in Appendix A). In the more disaggregated dataset, we increase the representation of the EU28 member states from only one aggregated region (EU28) to 19 countries and one new aggregated region (Rest of EU13), which includes Cyprus, Czech Republic, Estonia, Latvia, Lithuania, Malta, Bulgaria, Croatia, and Romania. This increase in the EU regional representation will allow (1) to consider the heterogeneity between EU28 member states in terms of forest biomass potential, (2) to trace more details and (3) to check the sensitivity of our GTAP simulation results to the level of data aggregation.
Scenario Design
For our simulation experiment, we assume that the EU28 embarks on a bio-based transformation pathway that involves the partial substitution of non-bio-based inputs for products and services (i.e., intermediate inputs) provided from the forestry sector [11, 18] , which is described as: Forestry, logging, and related service activities in GTAP9 database. Specifically, we assume a 1% increase in intermediate demand for forest products in all sectors that already use outputs from forestry (see Figure 2 ). Such a shift in demand patterns could, for example, be the result of changes in production technologies or sourcing preferences including demand for non-traditional biomass uses. function in the closed accounting framework of the CGE. We discuss the resulting structural adjustments in the economy in the result sections. 
Results
Results are presented in terms of percentage change compared to baseline values. We select key economic and environmental indicators to illustrate the simulated economy-wide effects of increased forest input demand in the EU28 and its sub-regions. Our focus is on land use changes given their importance in environmental sustainability assessments. We also explore impacts on the rest of the world to track indirect effects. As intermediate demand is an endogenous result in a CGE analysis and cannot be shocked directly, we assume that the technology will change in the medium term, which is reflected by a re-parameterization of the production function. Specifically, we increase the intermediate input coefficients for forestry output in all sectors by 1%. That alone would however imply overall higher intermediate demand in almost any sector, thus overall higher costs. As that is clearly implausible, we decrease all other intermediate input use. We hence assume technological change where forest products would substitute other inputs, without however introducing detailed assumptions exactly what inputs would be replaced. That change in other inputs is defined such that input production costs remain unchanged at given prices. However, prices must change with the updated production function in the closed accounting framework of the CGE. We discuss the resulting structural adjustments in the economy in the result sections.
Effects on Sectoral Output and Prices
Results
Results are presented in terms of percentage change compared to baseline values. We select key economic and environmental indicators to illustrate the simulated economy-wide effects of increased forest input demand in the EU28 and its sub-regions. Our focus is on land use changes given their importance in environmental sustainability assessments. We also explore impacts on the rest of the world to track indirect effects.
Effects on Sectoral Output and Prices
Simulation results suggest that a 1% increase in intermediate inputs from the forestry sector to EU28 industries will boost global forestry production by 0.182%. At regional level, Europe exhibits the highest change of 0.82% in the EU28 and 0.21% in the rest of Europe. Forestry production outside Europe is less affected, e.g., in Former Russia and the USA, where forestry production rises by 0.068% and 0.033%, respectively (see Table 2 below). According to Table 2 , the simulated growth in forest input demand in the EU28 triggers spillover effects on other land-based sectors. Output of all agricultural and food sectors in Europe somewhat shrinks, for example by −0.008% for sugar crops, −0.103% for both paddy rice and plant-based fibers in the EU28, and by −0.011% for raw milk as well as −0.052% for paddy rice in rest of Europe. Indirect effects occur also outside European borders with small effects on agricultural and food sectors in selected world regions. For example, sugar crop production decreases by −0.001% in Indonesia, by −0.002% in both Brazil and Former Russia, and in Malaysia by −0.01%.
These results reflect the reallocation of production factors and intermediate inputs from other economic sectors to forestry. For example, in the EU28, total demand for primary factors in forestry rises by 0.82%, i.e., 0.90% for skilled and un-skilled labor, 0.1% for capital and 0.25% for land. Similarly, total demand for intermediate inputs increases by 1.01%-this includes demand for chemicals, which rises by 0.4%. As a result, we find that countries outside Europe are expected to increase their agricultural output to fill the gap left by dropping EU's forestry production. In the USA, for example, the output of all agricultural sectors increases and wheat production in particular (+0.023%). These changes in sectoral outputs are driven by market mediated price effects. As the CGE model adjusts prices to balance supply and demand, price changes (see Figure 3 ) in forestry and agriculture are the underlying mechanisms driving sectoral output.
rises by 0.82%, i.e., 0.90% for skilled and un-skilled labor, 0.1% for capital and 0.25% for land. Similarly, total demand for intermediate inputs increases by 1.01%-this includes demand for chemicals, which rises by 0.4%. As a result, we find that countries outside Europe are expected to increase their agricultural output to fill the gap left by dropping EU's forestry production. In the USA, for example, the output of all agricultural sectors increases and wheat production in particular (+0.023%). These changes in sectoral outputs are driven by market mediated price effects. As the CGE model adjusts prices to balance supply and demand, price changes (see Figure 3 ) in forestry and agriculture are the underlying mechanisms driving sectoral output. To meet the higher demand for forest products in the EU28, forestry sectors employ more primary factors (land, capital, labor). This leads to higher factor prices and, thus, production costs and selling prices under the competitive market assumption: the price of forestry output will increase by around 0.3% in the EU28 and at a lower magnitude in rest of Europe (0.06%) and other countries such as the USA (0.01%) and Indonesia (0.02%) (see Figure 3a) . The highest primary factor price change is observed in the land market where only forestry and agricultural sectors compete, similarly boosting agricultural output prices (see Figure 3b ). In the EU 28, cereal grains suffer the highest price To meet the higher demand for forest products in the EU28, forestry sectors employ more primary factors (land, capital, labor). This leads to higher factor prices and, thus, production costs and selling prices under the competitive market assumption: the price of forestry output will increase by around 0.3% in the EU28 and at a lower magnitude in rest of Europe (0.06%) and other countries such as the USA (0.01%) and Indonesia (0.02%) (see Figure 3a) . The highest primary factor price change is observed in the land market where only forestry and agricultural sectors compete, similarly boosting agricultural output prices (see Figure 3b ). In the EU 28, cereal grains suffer the highest price increase (+0.08%) followed by raw milk and paddy rice and vegetables, fruits, and nuts production. Outside the EU28, we find that the agricultural and food markets in Rest of Europe, Former Russia and Ukraine are more affected than in the rest of outside-EU28 countries.
To explore intra-regional differences in impacts of a demand shock of forest products in the EU28, we run the same scenario using a disaggregated database that divides the EU28 into 19 countries and one region (Rest of EU13). The results are consistent with the first experiment. Table A4 in Appendix B shows increased forestry output in all EU28 Member States however at different rates, reflecting considerable heterogeneity in forest biomass potential. For example, in Finland and Sweden where forests cover more than three quarters of total land area [23] , forestry output rises slightly by 0.06% and 0.11%, respectively. In the rest of EU28, forestry sectors expand more significantly, by +0.54% in Austria, +0.78% in Italy, and over +0.80% in Germany (+0.83%), Poland (+0.87%), and Hungary (+0.90%). Expansion of forestry occurs at the expense of agricultural land in most of the EU countries. For instance, wheat production decreases by −0.26% in Slovenia followed by Rest of EU13 (−0.14%), Slovakia (−0.13%), and Poland (−0.10%). Oil seed production decreases mainly in Slovenia (−0.37%), Slovakia (−0.15%), and Poland (−0.11%). Price changes in the EU28 differ reflecting the importance of the forestry sector in the land use mix. Forest biomass prices respond most expressively in Austria (+0.58%) followed by Germany (+0.42%), Poland (+0.41%), and France as well as Slovakia (+0.39% in both countries) (see Figure 4a ). This also affects agricultural and food markets in all EU28 member states, especially in Poland, Slovakia, and Slovenia (see Figure 4b) .
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Price changes in the EU28 differ reflecting the importance of the forestry sector in the land use mix. Forest biomass prices respond most expressively in Austria (+0.58%) followed by Germany (+0.42%), Poland (+0.41%), and France as well as Slovakia (+0.39% in both countries) (see Figure 4a ). This also affects agricultural and food markets in all EU28 member states, especially in Poland, Slovakia, and Slovenia (see Figure 4b) . 
Effects on Final Demand
In CGE models, final demand is distinguished into four categories, i.e., households, investment, government and export demand [31] . According to the GTAP 9 database, 79% of forest products in the EU28 are used by other downstream industries as intermediate inputs, while the remaining 21% is allocated between the four categories of final demand: 46.6% for households, 48.3% for export demand, around 4.9% for investments, and a negligible share to government final consumption.
As increased intermediate demand for forestry output provokes price increases, household demand for forestry products decrease by −0.03% at a global level. In the EU28, household and government demand decease by −0.25% and −0.35%, respectively. Export demand of forest products increases by 0.3%, nonetheless (see Figure A2 in Appendix B). Countries with abundant forest areas are predicted to increase their exports to the EU28, the rest of European countries in particular (+1.77%), see also next section. Effects on investment demand are negligible.
At regional EU level, our forest-based bioeconomy scenario essentially comes at the price of household consumption as consumer prices rise. Table 3 shows that private consumers in Austria will face the most pronounced increase in the prices of forestry products compared to the rest of EU28 countries (+0.5%). 
Effects on Trade Patterns of Forest Products
To meet the additional domestic demand, total EU28 imports of forest products rise by around 1.39%. These imports are mainly coming from the EU28 member states themselves (see Table 4 ). Despite the increased imports of forest products from other countries, such as the USA (+2.04%), Indonesia (+2.29%) and Brazil (+2.27%), the intra-EU28 trade of forest products is still dominant (around 67% of total EU28 imports of forest products are sourced from the domestic market). We find that the growth in forest products imports along with decreasing exports to the rest of the world would exacerbate the deficit of the extra-EU28 trade balance of forest products by around 5%. The EU28 dependency on its own forest products is explained by the low transaction costs and the strong trade integration among the EU countries. In addition, trade in forest products from other countries has been highly restricted by import tariffs and sustainability certification schemes, such as the Forest Law Enforcement, Governance and trade (FLEGT) action plan [52] , which requires that only legally harvested wood, especially in the case of tropical wood, is imported to the EU. However, some exogenous model parameters such as the elasticity of substitution between domestic and imported goods, and between imports from different regions, may also affect simulation results. This last point will be further investigated via a sensitivity test in Section 3.5.2. Figure 5 illustrates the implications of the shock on the EU28 trade of forest products, at country level. We can classify the EU28 countries into three main groups: the first group, which is the largest one, includes member states exhibiting increases in both their imports and exports of forest products (Germany, UK, Italy, Spain, Belgium, Netherlands, Portugal, Ireland, Denmark, Greece, Luxembourg, Poland, Hungary, Slovakia, Slovenia, and rest of EU13); the second group includes countries which would rely more on imported forest products and decrease their exports to the rest of the world (France and Austria); and the third group characterizes countries with abundant forest biomass resources (Finland and Sweden) which will boost their exports to the rest of the EU28. Figure 5 illustrates the implications of the shock on the EU28 trade of forest products, at country level. We can classify the EU28 countries into three main groups: the first group, which is the largest one, includes member states exhibiting increases in both their imports and exports of forest products (Germany, UK, Italy, Spain, Belgium, Netherlands, Portugal, Ireland, Denmark, Greece, Luxembourg, Poland, Hungary, Slovakia, Slovenia, and rest of EU13); the second group includes countries which would rely more on imported forest products and decrease their exports to the rest of the world (France and Austria); and the third group characterizes countries with abundant forest biomass resources (Finland and Sweden) which will boost their exports to the rest of the EU28. 
Effects on LULC Changes
Our forest bioeconomy scenario creates pressure on finite land resources and more competition between its different uses. The maps in Figure 6 show the global percentage change in land area by cover and across all AEZs. 
Our forest bioeconomy scenario creates pressure on finite land resources and more competition between its different uses. The maps in Figure 6 show the global percentage change in land area by cover and across all AEZs. Figure 6a shows that forests expand in all regions. However, the largest impacts are observed in Europe (up to +0.35%) at the expanse of cropland (up to −0.49%) and pasture (up to −0.47%) (Figure 6b,c) . This conversion from cropland and pasture to forests reflects increased profitability of the latter due to the rise of forest products prices (see Section 3.1). Outside Europe, the model predicts very low land cover change with scattered impacts in Sub-Saharan Africa, Latin America and Asia, where forests are often converted from pastureland. In fact, cropland increases slightly in all regions (up to +0.02%) while pastureland shows a slight decrease in central Africa and Northern and Western South America. This small indirect effect occurring outside Europe can be mainly explained by the negligible price responsiveness occurring in regions with abundant land resources (see Table 5 ). Figure A3 in Appendix B describes the percentage changes in forestland at detailed EU28 level and by AEZ for the simulation with the disaggregated database (70 regions). Forests expand in all EU28 member states, but at different scales. Finland and Sweden show the lowest increase in their forest area given the already high share of managed forests in these countries [23] . The figure shows also that forest expansion varies across AEZs. We notice that land conversion to forests is mostly seen in AEZ10 (e.g., UK, Spain and Portugal) and in AEZ11 (e.g., Germany, France, and Belgium).
Overall, we can conclude that the increased returns to land in the EU28 forestry sector would rise the area under managed forests and increase the dependency of the EU28 on agricultural and food imports from the rest of the world, even if we only shock the EU28 demand for forest products at the margin. Robustness checks with the disaggregated database (70 regions) produce similar changes at EU and global level. However, regional detail is needed to properly quantify CO 2 emission effects from land use change.
Europe (up to +0.35%) at the expanse of cropland (up to −0.49%) and pasture (up to −0.47%) (Figure  6b,c) . This conversion from cropland and pasture to forests reflects increased profitability of the latter due to the rise of forest products prices (see Section 3.1). Outside Europe, the model predicts very low land cover change with scattered impacts in Sub-Saharan Africa, Latin America and Asia, where forests are often converted from pastureland. In fact, cropland increases slightly in all regions (up to +0.02%) while pastureland shows a slight decrease in central Africa and Northern and Western South America. This small indirect effect occurring outside Europe can be mainly explained by the negligible price responsiveness occurring in regions with abundant land resources (see Table 5 ). 
Sensitivity of Results
In this section, we conduct two different sensitivity experiments: The first one is a structural sensitivity analysis that aims to assess the robustness of the model changes when sectoral production functions and primary factor use are depicted in more detail based on the GTAP-E and GTAP-AGR extensions. The second experiment analyzes the sensitivity of our simulation results with regard to trade elasticities. We select main economic and environmental indicators for comparing results, such as forestry production, trade in forest products, and LULC changes. We also present the GHG emission effects resulting from this marginal change in the EU28 intermediate demand for forest products.
Structural Sensitivity Analysis: GTAP-AEZ-E-AGR Model
Similar to the results from the GTAP Standard plus GTAP-AEZ model, we find that a 1% increase in the intermediate demand for forest inputs lets managed forests expand in all regions, but especially in Europe. However, forestry production in the EU28 rises somewhat stronger by 1.08% once GTAP-E and GTAP-AGR are added, compared to 0.82% in the first experiment. This can be explained by considering substitution in intermediate demand in energy use and in the agricultural and food sectors. This more realistic depiction of production somewhat dampens price effects (more generally, the less flexible production and demand, the higher are price changes and vice versa). At the same time, GTAP-AGR considers that factors are not fully mobile between agricultural and non-agricultural sectors. Compared to the simpler model configuration, this especially dampens increases in forestry production in developing countries with larger primary factor use shares in the agricultural sector. As a consequence of more flexible forest expansion in Europe and less flexible expansion in developing countries, impacts on global trade are dampened. The EU28 imports of forestry products rise by 1.13% compared to 1.39% in the first experiment.
Additionally, the GTAP-E extension allows quantifying changes in the CO 2 emissions only from energy use. Thus, in order to capture effects on total GHG emissions balance, we include data on emissions resulting from LUC based on biomass and soil carbon stock provided by GTAP [50] along with the GTAP non-CO 2 emissions data [49] . Please note that emissions from LUC are amortized linearly, as in Plevin et al. [53] for a selected period of 20 years, following the EU legislation.
As expected, Table 6 shows that afforestation in the EU28 will be accompanied by a decrease in CO 2 emissions of around 10.54 Tg CO 2 -eq. However, non-CO 2 emissions remain almost constant. Table 6 . Effects on CO 2 and non-CO 2 greenhouse gas (GHG) emissions in the EU28 (emissions from Land Use Change (LUC) inc.) in teragrams of CO 2 equivalent (Tg CO 2 -eq).
GHG Emissions
Baseline Scenario When exploring changes in the EU28 CO 2 emissions by source, we find that the increased forestry production will be accompanied by using more energy inputs such as coal and oil, resulting in higher CO 2 emissions from fossil fuels combustion (+0.87%). However, the shrinking of other energy-intensive sectors, namely the agricultural sector, would somehow offset this increased pollution and induce a slight positive effect (−0.002%) when looking at the whole EU28 economy. With regards to emissions from LUC, we find that forest expansion mitigates atmospheric emissions (10.54Tg of CO 2 -eq at EU28 level) due to increasing soil and biomass carbon stocks. At detailed EU28 level, total GHG emissions are expected to decline in all countries, except for Germany and Greece where emissions would rise by 0.04% and 0.05%, respectively. Ireland, the UK, Sweden, and France exhibit the largest relative decrease in their GHG emissions by −1.33%, −0.24%, −0.17% and −0.15%, respectively.
Systematic Sensitivity Analysis
In economic simulation models, results depend heavily on the values of the employed behavioral and other parameters such as price and income elasticities. Therefore, a sensitivity analysis is often undertaken to show how results are affected by those parameters. In this paper, we carry out a multidimensional Systematic Sensitivity Analysis (SSA) on the first level trade elasticity σ m that reflects the substitution between domestic and foreign commodities in the domestic market and on the second level trade elasticity σ w that depicts the preferences among commodities which are imported from different trade partners (Table A5 in Appendix C presents the defaults values of σ m and σ w for selected land-based sectors). These trade elasticities are known as the "Armington" elasticities in the literature. To do so, we base our analysis on an integrated Latin Hypercube Sampling (LHS) and an entropy estimator approach. Similar to the Gaussian Quadrature (GQ) approach [54] , LHS is often used in large-scale sensitivity analysis. It can be applied with a limited number of simulations, allowing to reduce the computational time. We draw elasticities randomly from a truncated normal distribution in a selected interval (−50%, +50%). The model is solved for N = 20 times. We analyze the obtained results based on the following key variables for the forestry sector: sectoral output, trade, and land use. We use the deviation from the original mean as an indicator for robustness, as used by Schürenberg-Frosch [54] .
An overview of results given in Table 7 suggest that the model is robust regarding the trade elasticity parameters. The deviation from the original mean for all selected indicators is rather small for the EU28 and even null for almost all outside-EU28 countries. We also find that intra-EU28 trade on forest products is still dominant; varying the trade elasticities will not result in significant changes, e.g., importing more forest products or deviating from the EU28's main trade partners. Figure A4 in Appendix C shows the results from the Armington sensitivity analysis in more detail for both forestry and agricultural sectors in the EU28. In the forestry sector, we found that the minimum-maximum spread of the draws is very small (see Figure A4a) : it is around +0.13% for forestry production and 0.53% for land use. Same for the agricultural sector, the variation is very small (see Figure A4b) . It ranges, for example, between 40.015$ US billion and 40.035$ US billion in wheat production and between 22.338$ US billion and 22.346$ US billion in oilseeds production. Regarding trade, results show that total EU28 imports of forest biomass are barely affected with a remaining dominance of the domestic market. Variation in imports of other agricultural product is also negligible except for oilseed production (+0.16%). Hence, results from the Armington sensitivity analysis can be considered as highly robust. 
Discussion
The forestry sector has so far been understudied in the literature assessing bio-based transformation scenarios using quantitative models. This paper contributes to fill this gap by highlighting the role, which a forest-based bioeconomy could play in tackling global environmental challenges such as climate change.
Our results suggest that a marginal shift to a more forest-based bioeconomy in the EU28 (+1%) could result in a relatively significant GHG emission abatement of 17.52 Tg of CO 2 -eq at global scale.
Also, non-EU countries and regions such as Former Russia, Belarus, and the US would decrease their total GHG emissions by around −1.9 Tg CO 2 -eq, −0.37 Tg CO 2 -eq, −0.63 Tg CO 2 -eq, respectively. A forest-based bioeconomy would thus probably be a more effective climate change mitigation strategy than an agriculture-based bioeconomy as far as GHG emissions outcomes are concerned. For example, using an integrated CGE-PE modelling approach, Britz et Hertel [55] found that the EU Biofuels directives are expected to increase global emissions by around 1472 Tg CO 2 -eq, due to increased cropland conversion for biodiesel production. In the framework of the European Commission (EC) assessments of the EU 2012 bioeconomy strategy, Domínguez et al. [56] argued that the mitigation potential in agriculture seems to be very modest. Indeed, agricultural GHG emissions are expected to decline by only 2.3% between 2005 and 2030. In opposite to that, a study by Hildebrandt et al. [57] found that the contribution of wood-based construction in Europe alone might allow for a net carbon storage that could reach 46 Tg CO 2 -eq per year in 2030. Besides its contribution to climate change mitigation, forests may also play a key role in alleviating the ongoing "Food-Fuel-Material" dilemma [17] , which has been driven to a large extent by "First generation" biofuels expansion. Relying more on forest products instead, could reduce pressure on agricultural land. Our results suggest that an increased demand for forestry inputs by the EU28 industries would result in negligible effects on the global agricultural and food markets, e.g., the increase in world crop prices does not exceed +0.02%.
To assess the sensitivity of our results to the aggregation level of the database, we conducted a second experiment using a more disaggregated database (57 sectors and 70 regions). Results are consistent with the findings of the first experiment (57 sectors and 35 regions) but allow to explore regional impacts in more detail. Furthermore, we conducted a structural sensitivity analysis depicting key sectors (energy, agriculture) and their outputs in more detail by adding the GTAP-E and GTAP-AGR extensions. GTAP-E indicates that the transition to a forest-based economy in the EU28 comes with a decrease in total CO 2 emissions. However, non-CO 2 emissions remain constant. Overall, simulation results from different model configuration (GTAP-AEZ, GTAP-AEZ-E, and GTAP-AEZ-E-AGR) are remarkably similar. However, a more detailed description of (1) substitution of different energy sources in production and demand (GTAP-E), (2) in feed use and in the food processing industry as well as considering that factor mobility between agricultural and non-agricultural sectors is limited (GTAP-AGR) overall dampens the global footprint of an increased EU's reliance on forest products.
Some limitations of this study arise from the used method. The GTAP-AEZ model only considers land under economic uses, i.e., expansion of land uses can only occur through conversion from other managed land uses. This limitation of the GTAP-AEZ model (cf. Golub et al. [58] ) could overestimate GHG emission savings as managed forests could also expand into unmanaged ones, while agricultural land cover would decrease less compared to our results. A lower transition from agricultural land and to managed forests implies less GHGs savings. Furthermore, not accounting for changes in natural covers implies as externalities such as loss of natural habitats cannot be accounted for. The accessibility of natural forest, as potential new source of land plays a key role in assessing the sustainability of the growing bioeconomy. For instance, as a result of the increased wood prices and trade openness, natural forests are increasingly degraded in many developing countries due to illegal logging, e.g., tropical forests are declining by around 13 million hectares per year [59] . However, larger increases in forest cover in our study are only found in Europe where natural forests are mostly found in reserves and therefore not subject to land use change such that the limitation of the GTAP-AEZ model is less relevant for our study and the range of changes analyzed.
Conclusions
This paper explores the potential impacts of a gradual transition towards a more forest-based European bioeconomy using the standard GTAP CGE model with its extensions (GTAP-AEZ, GTAP-E and GTAP-AGR) and the GTAP 9 database. To do so, we adjust production technologies in the EU28 such that intermediate demand for forest products from all economic sectors increase by 1% and we decrease other intermediate inputs in a cost-neutral way at benchmark prices. Our scenario shows an increased forestry production predominantly in Europe, but also in Brazil, the USA, and Malaysia among others to some extent. As expected, higher demand for forest products increases demand for managed forests, which expands at the expense of cropland and pasture, again mostly in Europe. Increasing the contribution of the forestry sector in the EU bioeconomy may help to reduce GHG emissions and alleviate the potential "food-fuel-Material" tradeoffs associated with non-food uses of agricultural products. Complementary policy action that strengthens the forestry sector may also contribute in achieving the EU's climate policy targets and thus contribute to unlocking the potential for sustainable transformation in the bioeconomy as proposed in the 2018 update to the European Bioeconomy Strategy. Promising policy measures include regionalized support to technological innovation in wood-based industries, e.g., cascading use of wood and recycling combined with efficient management strategies that enhance forest productivity, targeted at reducing land demand to limit the price effects of a forest-based bioeconomy transition in the EU.
Our study provides first insights into how a European green growth strategy, which fosters an input use of forest products, could play out in terms of global LUC and related GHG emissions. It also highlights the significant role of international trade and land market in mediating and driving impacts from this forest-based bioeconomy transition, at both regional and global scales. However, some caveats of our approach deserve future research efforts. Scenario assumptions could be refined based on current innovation trends and projections to differentiate between changes in intermediate input demand across different GTAP economic sectors. AEZs are still relatively large spatial aggregation units and, thus, land use changes can have very different environmental impacts depending on where within each AEZ they occur. Hence, approaches to spatially disaggregate CGE-based scenario outcomes should be explored along with other techniques to integrate global trade models with life cycle analyses for selected global bioeconomy value chains. 
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